Sodium, magnesium and aluminum adatoms, which, respectively, possess one, two and three valence electrons in terms of 3s, 3s 2 , and (3s 2 , 3p) orbitals, are very suitable for helping us understand the adsorption-induced diverse phenomena. In this study, the revealing properties of metal (Na/Mg/Al)-adsorbed graphene systems are investigated by mean of the first-principles method. The single-and double-side chemisorption cases, the various adatom concentrations, the hollow/top/valley/bridge sites, and the buckled structures are taken into account. The hollow and valley adsorptions, which, respectively, correspond to the Na/Mg and Al cases, create the extremely non-uniform 1 arXiv:2003.02447v1 [cond-mat.mtrl-sci] 5 Mar 2020 environments within the Moire superlattices. This lead to diverse orbital hybridizations in Na/Mg/Al-Si bonds, as indicated from the Na/Mg/Al-dominated bands, the spatial charge density distributions and the orbital-projected density of states (DOS). Among three kinds of metal-adatom adsorptions, the Al-adsorption configurations present the strongest chemical modifications. The ferromagnetic configurations are shown to only survive in the specific Mg-and Al-adsorptions, but not the Na-cases. The theoretical predictions could be validated by experimental measurements and the up-to-date potential applications are included. Furthermore, the important similarities and differences with the graphene-related systems are also discussed.
I. Introduction
Since graphene, the first two-dimensional (2D) material, was successfully fabricated, the feverish scientific activity relating to graphene still keep unabated. Significant efforts on exploiting other graphene-related materials are continued reported for expanding potential applications. 1, 2 Following graphene, honeycomb lattice of silicon atoms namely silicene has recently received an increased interest. [3] [4] [5] It exhibits a lot of remarkable properties arising from the hexagonal symmetry and Dirac-cone structure, e.g., the high charge carriers mobility, 4 excellent optical absorption. 5 Different from the flat structure of graphene with sp 2 hybridization of carbon atoms, silicene posseses low-buckle as a result of the mixed sp 2 -sp 3 hybridizations of silicon atoms. 3 This make silicene surpassed graphene in some aspects, including greater spin-orbit coupling (SOC) and quantum spin Hall effect, 6 easier tunable bandgap, 7 stronger valley polarization and other related properties. 8 These remarkable characteristics make silicene become potential materials in various application fields such as field effect transistors (FET), 9, 10 Li/Na-batteries, 11, 12 spintronic and valleytronic devices, 13 sensor, 14 etc.
Up to now, single-layer silicene has been successfully synthesized by various experimen-tal methods. The main method is bottom-up approach as so-called epitaxial growth on a substrate, whether by deposition onto a supporting template e.g. Ag(111), 15 Ir(111) 16 or by segregation on a buffer layer e.g. ZrB 2 . 17 To further enhance the applications of silicene, it is highly desirable to grow silicene on non-metallic substrate such as MoS 2 , 18 SiC. 19 The graphene-like honeycomb lattice of silicene on metal substrates has been observed by the scanning tunneling microscope (STM). 20 Due to the buckle structure, silicene is a directgap semiconductor with a negligible gap. 3 The free-carrier density enhancement or the gap opening is considered as an important issue for improving the promissing applications of silicenes. The electronic properties can be easily modulated by dopings, [21] [22] [23] [24] [25] external electric and magnetic fields, 26, 27 and mechanical strains. 28, 29 Among these modulations, chemical modification on the silicene surface is the most effective one in creating essential changes between the semiconducting and metallic behaviors (the non-magnetic and magnetic configurations). The chemical adsorption of metal adatoms is predicted to induce metallic band structures with high conduction electron densities. 30, 31 However, the relations among the geometric structure, electronic properties, and magnetic configuration towards various adatom coverages have not been thoroughly reported. The single/multi-orbital hybridizations between adatoms and silicene, a key point in understanding the electronic properties modifications, is only slightly mentioned in several studies. Sodium, magnesium, and aluminum, respectively, possess one, two, and three outermost electron orbitals, which are expected to be capable of providing extra carrier density and sufficient metallization for silicene system.
Here, Na-, Mg-and Al-doped silicene materials will be able to create various orbital hybridizations, diversify the fundamental properties, and provide more information regarding potential applications.
The first-principles calculations on Na, Mg and Al-adsorbed silicene systems include determining the metallization phenomena, 2D free carrier density, the low-lying extended states π-bonding on a honeycomb lattice, the well-defined/modified/thoroughly suppressed Dirac cone, the rigid shift σ-bands/the undefined ones, and the spin-degenerate or spin-split 3 energy. They are expected to be greatly diversified by the different single-/multi-orbital hybridizations in Na-/Mg-and Al-Si bonds. How many orbitals of metal adatoms and silicon host atoms take part in the significant chemical bondings will be resolved in this work. The single-or multi-orbital hybridizations are clearly identified from the atom dominance of energy band, the orbital-dependent charge distribution, and the orbital-projected DOSs. They are responsible for the optimal geometrical structure, the unusual electronic properties, and can even diversify magnetic behaviors. Whether the ferromagnetic spin configuration could survive under the specific adatoms and adsorption configurations is thoroughly examined by the use of total magnetic moments, spin-split energy bands, spin-density distributions and spin-decomposed DOSs. The above-mentioned results can be examined by experimental measurements, such as angle resolved photoemission spectroscopy (ARPES), 32 and scanning tunneling spectroscopy (STS). 33 Our reliable and complete results should be very useful in the design and development of promissing device applications.
II. Computational methods
We note here that our first-principles calculations were performed with the use of the density functional theory (DFT) based Vienna ab initio simulation software package (VASP). 34, 35 The Perdew-Burke-Ernzerh of generalized gradient approximation method 36 was employed to evaluate the electron-electron Coulomb interactions while the electron-ion interactions belong to the projector augmented wave method. 37 The spin configurations are taken into account to meticulous explore the chemical adsorption effects on the magnetic properties.
In order to suppress the van der Waals interactions between two neighboring cells, the vacuum distance along the z-axis is set to be 15 Å. A plane-wave basis set, with a maximum energy cut off of 500 eV is available in the calculations of Bloch wave functions. All atomic coordinates are relaxed until the change of eigenvalues between two simulation steps is less than 10 −5 eV, and the Hellmann-Feynman force convergence on each atom is set to be 0.01 eV/Å. The pristine first Brillouin zone is sampledby 30 × 30 × 1 and 100 × 100 × 1 k-points within the Gamma scheme for structure relaxations and further evaluations on electronic properties, respectively. Equivalent k-point mesh is built for other enlarged cells depending on their sizes. Furthermore, the van der Waals force, which utilizes the semiemprical DFT-D2 correction of Grimme 38 is very useful in understanding the significant atomic interactions between silicene and adatom layers at high doping concentrations.
III. Results and discussions
Sodium, magnesium and aluminum adatom adsorption on monolayer silicene surfaces presents diversified geometric structures, mainly due to the different interlayer chemical bondings.
Sodium and magnesium adatoms prefer to be adsorbed on the hollow site of silicene, while aluminum adatoms are more stable at the valley site ( Fig. 1 ). This could be verified using the STM measurement. Since the valley and top positions possess different chemical environments; they are capable of creating diversified essential properties.
Na adsorptions
Sodium-adsorbed silicene systems are stable under double-and single-side absorption, with specific concentrations and distributions (Fig. S1 ). The highest saturation can reach 100% for double-sided adsorption. In the case of pristine silicene, the optimized Si-Si bond length and buckling are 2.28 Åand 0.48 Å, respectively, which are consistence with previous studies. 39, 40 At sufficiently low Na-concentration < 12.5% the degree of buckling is comparable with that of pristine system, while it might be greatly enhanced for higher concentrations.
That the π and σ bondings are non-orthogonal to each other becomes more obvious with an increase of Na concentration. The Na-Si bond lengths lie in the range of ∼ 3.10 Å -3.26 Å weakly dependent on the adsorption cases ( Table 1 ). The nearest Si-Si bonds are slightly stretched by the observable change from 2.28 Å to ∼ 2.30 Å -2.33 Å. This indicates the partial charge transfer through the interlayer chemical bonding. According to the abovementioned geometric features, the σ-electronic chemical bondings, which arise from the (3s, 3p x , 3p y ) orbitals of silicon atoms, are deduced to hardly take part in the alkali-adatom chemisorption. As a consequence, the single-orbital hybridization of Na-3s and Si-3p z will dominate the adsorption-induced chemical bonding and thus the other essential properties.
The pristine silicene ( Fig. 2(a) ) exhibits a Dirac cone structure as marked by the red cirle at the K point with a negligible energy gap around 0.5 meV. This gap could be enlarged to 1.55 meV under the effect of spin-orbit coupling. 6 These energy bands are predominantly dominated by 3p z orbitals of the nearest Si atoms as so-called π bands and turn into parabolic The initial/bottom valence one is very close to the first σ energy subbands with the concavedownward dispersion relations, where an energy spacing of 0.20 eV corresponds to the deeper state. On the other hand, the sodium adsorptions on silicene surface are able to create the free conduction electrons with the sufficiently high carrier densities as the so-called n-type doping phenomena. Apparently, the Fermi level is dramatically changed from the middle of the well-behaved Dirac-cone structure ( Fig. 2(a) ) into the conduction cone of the modified one. That is to say, only the partial 3s orbitals in sodium adatoms serve as the conduction electrons. The Na-induced free electrons correspond to the occupied states between 6 E F and conduction Dirac point. The Na-adatoms only make minor contributions to the deeper valence bands. In general, there exist the separation of valence and conduction Dirac points, being roughly attributed to the different site energies (the ionization ones) of Na-3s
and Si-3p z orbitals. Specifically, the spin-split electronic structures are absent for the various Na-adsorption cases, i.e., there are no spin-dependent ferromagnetic/anti-ferromagnetic configurations.
The atom-, orbital-and spin-projected van Hove singularities density of states (DOS), as clearly illustrated in Figs. 3(a)-3(h), are available in identifying the critical orbital hybridizations Na-adsorbed silicenes and thus the complicated energy spectra and the existences of π and σ bondings. The 3s-3p z orbital hybridization in the Na-Si bond is able to create the unusual van Hove singularities in DOS. This result strongly depends on Na-concentration, and it becomes vanishing at the sufficiently low concentrations < 3.1% in Fig. 3 
(h). The
Dirac-cone-induced structure has an obvious red shift relative to E F , clearly illustrating the n-type doping behavior. The covered area between the bottom of conduction dip and the Fermi level determines the Na-created free electron density. Roughly speaking, the valence and conduction dip is dominated by the Si-3p z orbitals (the red curves). However, the Na-3s orbitals (the cyan curves) also make certain contributions to the latter at very high adatom concentrations > 50% in Figs. 3(b) and 3(c), mainly owing to Na-Na interactions. That both 3p z and 3s orbitals possess the merged van Hove singularities clearly indicates the significant interlayer single-orbital chemical bondings. There exist the splitting π and π * prominent peaks, being accompanied with extra minor structures, are attributed to the zone folding, the interlayer atomic interactions, and the enhanced buckling.
As to the σ electrons of silicon host atoms, the 3p x and 3p y orbitals (the pink and dashed blue curves) display the identical/different contributions in the presence of a symmetric/asymmetric environment under the xy-plane projection (Fig. S1 ). The initial σelectronic valence band create the obvious shoulder structures as marked by the green arrow in the range -1.65 eV< E <-1.20 eV, depending on Na-concentrations, being deeper than the pristine case ( Fig. 3(a) ). The whole band width covers the first shoulder, the symmetric peak, and the second one, which correspond to the parabolic, saddle and parabolic band-edge states at the Γ, M and K points (Figs. 2(a)-2(h)), respectively. Moreover, few van Hove singularities, which are associated with the four orbitals of Si atoms, occur simultaneously (the red, pink, dashed blue and green curves), e.g., those at -4.0 eV< E <-3.20 eV related to the anti-crossings of π and σ bands. In short, the modified π and σ chemical bondings could be approximately identified from the specific van Hove singularities, and such examinations are supported by the band structures and spatial charge densities. Furthermore, they are relatively easily observed under the high-concentration condition ( Fig.   4(c) ). These features suggest the existence of only a single 3s-3p z orbital hybridization in the Na-Si bonds, accounting for the (Na, Si)-co-dominated certain conduction bands.
Specifically, the observable charge variation on yz-plane is revealed between two neighboring Na atoms at the sufficiently high concentrations, mainly owing to the creation of Na-Na bonds.
Mg adatoms
While the structures are similar to those of Na-adsorptions, the Mg-Si bond lengths/the adatom heights (∼ 2.7 Å /1.65 Å) are much shorter than the Na-Si ones (∼ 3.15 Å). The 100% Mg-adsorption also could survive under the double-side adsorption case (Table 2) , in which there exist the sufficiently strong Mg-Mg bonds. Mg-adsorption has the largest buckling of honeycomb lattice among three kinds of metal-adatom adsorptions at high concentrations > 33%. This enhanced buckling is expected to induce more important sp 3 bondings (non-orthogonality of π and σ bondings) and spin-orbital couplings in silicene. These geometric features suggest the sufficiently strong chemical bondings between Mg adatoms and Si atoms, being associated with two 3s valence orbitals of Mg. The π bonding, which is extended on the silicene surface, will be strongly modified or even thoroughly disappear through the critical interlayer atomic interactions. On the other hand, the ferromagnetic configurations, which are clearly characterized by the spin-split valence and conduction energy bands and the net magnetic moments ( Fig. 5 and Table 2) , are further examined from the spin density distributions of the specific Mgadsorption cases. For example, the 16.7% and 3.1% configurations as clearly displayed in 
Al adatoms and creation of diversified phenomena
The optimal aluminum adatom adsorptions on silicene surface, as clearly shown in Fig.   S3 . The highest adatom adsorption can achieve through the 50% case of the single-side adsorption with the greatly enhanced buckling. Different from the Na-and Mg-adsorption cases, the 100% saturated adsorption with the double-side configuration is not stable and thus thoroughly disappears, mainly owing to the quite strong repulsive interactions among the neighboring Al adatoms. The Al-Si bond lengths, which depend on the adsorption condition, lie in the range of ∼ 2.58 Å -2.89 Å ( Table 3 ). They become longer in the increase of Alconcentration. On the other side, the optimal position of aluminum-adsorbed graphene systems corresponds to the hollow site on a planar honeycomb lattice. The concentrationand configuration-dependent Al-C bond lengths are ∼ 2.54 Å -2.57 Å (details in 43 ), and the highest Al-adatom concentration, with a stable geometry, is examined to be the 25% case under the double-side adsorption. Apparently, the geometric symmetry is responsible for the critical chemical bondings and thus the electronic and magnetic properties.
The valley sites and the multi-orbital hybridizations in aluminum-adsorbed silicene systems can create the rich and unique band structures as shown in Fig. 7 , being in sharp contrast with the Na-and Mg-adsorption cases (Figs. 2 and Fig. 5) . The low-lying band structures are very complicated even at low Al-concentrations. It is very difficult to accurately identify the π and π * bands/the σ bands at the sufficiently high concentrations (Table 3) . That is to say, the spinconfiguration-induced many-particle Coulomb interactions, 44 and the multi-/single-orbital hybridizations, 43, 44 compete/cooperate with each other to achieve the lowest ground state energy.
The significant orbital hybridizations/the π and σ bondings, which could survive in Aladsorbed silicene systems are thoroughly investigated from the atom-, orbital-and spinprojected van Hove singularities ( Figs. 8(a)-8(f) ). All the absorption cases present a finite DOS at the Fermi level, directly indicating the metallic or semimetallic behaviors. The seriously distorted V-shape structure, corresponding to the strongly modified Dirac-cone structures, is dominated by the Si-3p z orbital (the red curve) and comes to exist below E F only under the low Al-concentration, e.g., those for the 12.5% and 3.1% cases ( Figs. 8(d) and 8(f)). This indicates the existence of the addressed π bonding and the n-type doping.
In general, the special structures due to the four orbital of Si-host atoms could appear simultaneously within certain energy ranges of valence and conduction spectra. Such result suggests the significant/observable sp 3 bonding in the Si-Si bonds. Most important, the Si-(3s, 3p x , 3p y , 3p z ) and Al-(3s, 3p x +3p y ) orbitals (the purple, green, dashed blue, red, light blue and yellow curves) frequently present the similar van Hove singularities at the identical energies within the whole range except for a very low Al-concentration (e.g., the 3.1% case in 
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The important difference with the Al-adsorption cases arise from the hollow-site absorption position and one-/two-3s valence electrons in Na/Mg.
Available experimental measurement and potential applications
ARPES measurements are very successfully in identifying the diverse band structures of graphene systems, e.g., the gapless valence Dirac cone in monolayer graphene, 45 two pairs of parabolic energy dispersions in AB-stacked bilayer system, 45, 46 the coexistent linear and parabolic bands in twisted bilayer graphenes. 47 Moreover, the Na-/Li-adatom adsorptions 48, 49 on graphene surfaces have been verified to present the blue shift of the Fermi level and the linear Dirac cone. In case of silicene, the linear dispersion with the Fermi velocity of v F =1.3x10 6 ms 1 comparable to graphene's has been observed. 32, 50 The similar ARPES examinations could be done for (Na,Mg,Al)-adsorbed silicenes to explore the blue shift of the Fermi level, the low-lying energy spectra with the modified Dirac cones and the adatomdominated bands, and the splitting middle-energy valence bands near the M point. As a result, they are useful in estimating the partial charge transfer from guest to host atoms and understanding the modified π bonding. In addition, the optical 51 and transport 52 measurements might be efficient and reliable in examining the (Na, Mg, Al)-created free electron density.
The (Na,Mg,Al)-adsorption-enriched van Hove singularities could be directly verified from the high-resolution STS measurements, as successfully done for carbon-based materials with the well-characterized sp 2 bondings. For example, the up-to-date experiments on layered graphene systems have clearly identified an isotropic V-shape structure vanishing at the gapless Dirac point for monolayer graphene, 45 the zone-folding-created peaks in the logarithmic form for twisted bilayer graphenes, 47 a delta-function-like peak centered about E F for ABC stackings, 53 the semi-metallic property for graphite, 46, 49 and its splitting π and π * strong peaks at deeper/higher state energies. 46 Morever, STS has sucessfully confirmed the existence of Dirac fermions in silicene. 53 The further STS examinations for (Na,Mg,Al)-adsorbed silicene systems are mainly focused on the modified dip structure below the Fermi level, the split π and π * peaks, and the adatom-generated extended structure. On the other hand, the theoretical predictions on the (Mg,Al)-adatom-generated ferromagnetism could be directly test by using the high-resolution spin-polarized-STM.
Recently, silicene-related materials have attracted great attention as promising materials for Li/Na-ions batteries with high theoretical capacity through electrochemical conversion reactions and low-cost production. 11, 12, 54, 55 Further approaches to enhance the application of silicene as anode materials in LIBs have been carried out, such as compositing by doping. It is reported that with Na modification, performance of silicene could achieve high theoretical capacity of 954 mAh/g and a low diffusion barrier of 0.23 eV. 11 As compared to graphite, Na interacts with silicene leads to a higher electrode potential, which suppresses dendritic Na growth. 11, 56 In addition, owning to the strong spin-orbit coupling and easily tunable bandgap at Dirac-cone, silicene-based materials can successfully be used in spintronic devives, 13, 57, 58 and FET at room temperature. 9, 10 Silicene materials are expected to superior graphene on real applications based on the existing silicon-based industry. Further systematic studies are needed to find out the most suitable absorbers on silicene as high potential in the nanoscale electronic devices.
IV. Conclusions and Summary
Different from the tiny-gap semiconductor behavior of pristine silicene, all the metal-adsorbed cases belong to the n-type dopings, implying the enhanced electronic conductivity. On the other hand, Na-, Mg-and Al-adsorbed silicenes quite differ from one another in the essential properties. The important differences cover the optimal adsorption sites, distinct adatom-silicon bond lengths, the enhanced buckling degrees, the free carrier densities, the modified Dirac-cone structures, the well-behaved or undefined π and σ valence states (the former and the latter in the Na-and Mg-/Al-adsorbed silicenes), the spin-degenerate or spin- 
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